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AR (AICL) 1Eh—Fh SIS A AL 1 Ny
FAAEIE S Sk R PH LML, 76 L2 Ak
B (Sn0,) FMEH: AICL EH, 7TLAZES SnO, 3
TAAY R 5 30 1, AR RS ER 1) 25 i+ fhid
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BERIRF] 26.29% 21,
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FH b R S SR80 A B i — 2042 Tt

2 Ei#Hao
2.1  SEIHEISIHH

FTO 3% 38 M A 1 A7 BR 2w g & . R AL iR
(nickel oxide, NiO,) MIL T HLIERHE A R 2 7] Wy
B AL (AICL) W A F 2 e kAR ALRHECA R
OSHEL SR AR (PBLy) . Mifk4fs (CsI) . filt
H Ik (FATD) ., FReERRRER (MAC). 2, 9- g4, 7-
BCPE-1, 10-FEMM (2, 9-Dimethyl-4, 7-diphenyl-1,
10-phenanthroline, BCP) ¥4 NP4 %2 % H S Hg ey
AR FI S . SR B4 RE BT AR 1-F k-
2-Mk 1% BE i (1-Methyl-2-pyrrolidinone, NMP) #ll
N, N- LRI (DMEF) 735311 F D4 A% 3 B A
AT (i) 525 BRAA m AN B TR A R
oyl AR R BB [6,6]- 8 B -Cp- T2 Y e
([6,6]-phenyl-Cg;-butyric acid methyl ester, PCBM)
FNA AT R RIS (CB) 0l L T e
A PR w2455 A 2R A BR A R . HL 5
ek ZRRE 2, 0- " HI 34, 7-BEZE 1, 10-FEHE
(2, 9-Dimethyl-4, 7-diphenyl-1, 10-phenanthroline,
BCP) MY iR HOLRE By A FRA R &, ¥ i
BCP RIS NEE (IPA) 14T 254 Ak 2%t
FIATBRZA .

2.2 KPAEMAIH&
VS WTC ] FRECEALER 20 mg, JITA 1000 pL

FLBF KPR RASH A 20 mg/mL A B LR 1
W ZERCHIEY 1000 pL FACERE W IIA 0.5 mg &
B4R, ATERAR ARV S 0.5 mg/mL ) A LR
HEAIRA . FRICLEET 613 mg, MU BK
196 mg, WLfb4s 26 mg, H HER R ER 14 mg, M A
1000 pL N, N-ZH ki A1 200 pL 1-F 32
ML % Aot Tl 174 5 700 v, Tl AR AR A 24 0T i oA Csg g
FA(g,Pbl; i 45 2k B /il 0% 14 15 0, 18 TR B2 N
1.03 mol/L, JE¥ & FRE Btk S LaidE 3 h LU
. FRELPCBM 20 mg, #T 1000 pL CB Hia] 315
W Jy 20 mg/mL 1) PCBM %K. #43 # 9 BCP
BT IPA USRS BCP (1 AN PN AT

FEETE VR S AL B FTO BEES AR YRIZ I 7E 2=
BT KR CBE, 43 5 EA TR 7 I Uk 45 min,
WU R QR & . ek s UL RZ T, B
R MAE S BRI AR T, B T
UV RAEATAEIE 15 min.

25 AR i )2 B s RS M W B 200 pL
ARV TR AL R S SRR TR A W, L) 1500
rad /min )3 | 1500 rmp/s 09003 B 7E B 5 /
FTO #}JiE FHENR 30 s, FERES NG, 78 120 °C BYFA
A Bk 10 min. FERARASEE FIK (plasma)
WX B /FTO/NIO, W IR HF 1T R EAL I, W<
N 23 scem, ALFRASE]A 2.5 min.

FRERD 2 £ FIRSAR I 19 pL #54k8"
RTORAARYA T, 12T INT7EBE /FTO/NIO, 3K 5
I T 15 2 B3 AT iy, 60 DR VR X S0 0 AT TR BE B
SRR P AU, RIS DL 3 mm /s B R A 4R
Sl ], Sk T IR AR I TR TR SE S R S
Wi J e e 2 A R T R A D R R I T N 78 AR
HIAZE 45 s, SREEHAE 110 °C #4E FIB K 20 min,
HARSH 2 2.

HL 15 i J2 ) A S8R0 J2 1 LA 3000
rad/min (43 B . 3000 rmp /s B9 I3 B JE 1 B il
1) PCBM 4 K ¥ W, €W B K 8 30 s. F LU
5000 rad /min A3 FF | 3500 rmp/s A0 5 B fE i
BCP M FIF BRI, TERITH N 40 s.

HLB il #5: 7E L TR 5= R 7588 150 nm 1Y
B, HUA ETRLR 0.09 cm?.

2.3 WX S5RIE
TE VB L R P R AE 5 T, AR AL BRI TR Y B0
A6 HCS 1 90 K 06 R BEAY (dynamic light
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scattering, DLS, Zetasizer Nano) #E47li; %A1k
B R A I SR T A A 3 & S R
8% (field emission scanning electron microscope,
FESEM, H 37 SU8020) #E17#AF; AL X A5k
A T 2 % T LR BB T R ) B TR (atomic
force microscope, AFM, BRUKER, Nanowizard
4XP) AT RAE; A ALER 8R4 T K gk 4l
X PP FHEIE (X-ray photoelectron spectro-
meter, XPS, Thermo ESCALAB 250Xi) ##47i{;
S0 R RS BK 0T Be gL fl 55 A O L BB
(ultraviolet photo-electron spectroscopy, UPS,
Thermo ESCALAB 250Xi) #E4713; £5Ek K
(4 Sl AR 25 R R XM AT B (X-ray diffracto-
meter, XRD, Cu Kal SmartLab (A = 1.541 A))
HEATRAE ST, 5 KA I 1 AR O B OO
(steady-state photoluminescence, PL) FIf[a] 53¢
FeEUE SIS (time-resolved photoluminescence,
TRPL) {fi J 2% T #8841 PR 7] Y FLS920 #54%
TEMAM T AT RAL; SRR T 3R
M Keithley 2450 %7 IR F ML, F307E FY-3—
3V, AP R 0.1 V; AR RS LR R
SEHNAT WOE 2T A0 3 G FETT (ultraviolet-visible-
near-infrared spectrophotometer, UV, 36001 PLUS)
AT E5 R YRR A% 2 [B) HE far PRI LI (space
charge limited current, SCLC) 7£ i &5 T i H
Keithley 2450 %57 I M3, 394 v Bl & 4
0—3 V; 7EHLMOGHLURRERAE 5 T, $58K8™ K PH
LB H R FE (Mott-Schottky) HHZ&A# ] Zahner
Zennium IM6e Hfb2z TAEuG AT, B M e bR
OGRSV il 2k Keysight
B2902A HEATINA, IEmFTEEIMN-0.1—1.4 V,
REAMEEN 14 — 01V, A E KN
0.02 V; Hi b B9 4h i F 3 % (external quantum
efficiency, EQE) >R H K FH i F th 12 1 RCR A AL
HATI.
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Fig. 1. Nickel oxide aqueous solution (red line) and Alumin-
um chloride doped nickel oxide aqueous solution (blue line):
(a) DLS plot; (b) Zeta potential distribution.
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20—30 mV Z ], R A R L T i A A e R
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HEF 1A A A3 e B, A R 1k 1 ke (4]
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XA FIFIE B 5] | S0 i S A R .
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Bk T RAE A e e w A FTO 2. RH AICI
5 24 1) ST B T T A1) % 1 A A R S B0
FTO JZ5e e, Wikl 2(b) Fos. Ak, RH ALCL,
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AlO, 1T REAEIR A e 2] w4k ) o8 “Fh A 700 IR
FH, 358 NiO FURLI] 4 FLER, ¥ s 808 | s 4L
MR, 5] 2(e), (f) B TC ALCL B4R AR )=
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AR 2 R m K B Al A el 21.4°080/8 & 8.9°. Ak
BRI A A /1N, 0 H T AT B A 1) 55
TR AR B AR 1 i R SR AR 3R T g AT A AR
k. AICL,; K5I AR Al—OH 2[4 [k Ni—OH B
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SR R SRR Y ST R, S T R TR R
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TR BH H b (R e 0%, IRLE, i — 20 %548 ALC,
B AR L TR A . (8] 3 AT AICL
ZAE AR Y LV IR R I S R B R /
FTO/NiO, (A7 AIClL; 7%) /Ag, “AARHNE AT
o=1IL/(VS) (1)
Hrh, LA RRIEEE, S A AR i T
VR e, T o g IR A A R
MRS Lo 30 nm, AL S M 0.09 cm?, & 3
() AR, AICL, B4 A AL BB A
FZM 7.13x100 S/em #FFE 1.11x10° S/cm,
XL ALCL; #8450 T L2 S PERE, A
FITF28 7L
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— S
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K2 (a) KEBIRH NIO, M A (b) AICL £ 2% 1) NiO, W [ 19 SEM M )15 (c) K& 244 19 NiO, M BE AN (d) AICL; 7% 1
NiO, WA AFM B F; (o) REB A NiO, WiEEH (f) ALCI; 2219 NiO, M5 4 K £ fil £
Fig. 2. SEM images of (a) without and (b) with AlCl; doped nickel oxide film; AFM images of (c) without and (d) with AlCl3 doped

nickel oxide film; water contact angle images of (e) without and (f) with AlCl; doped nickel oxide film.
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Fig. 3. IV curves of undoped nickel oxide film (red line)

and AlICl; doped nickel oxide film (blue line).
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FEAR TR ot R v, AL AR E T B2t
FERTA AT Nizt) N+ L. BARGERT: o
58, AICL fE LB W & A T KRN, RN
HERXH
AICl; + 3H,0 = AI(OH); | +3HT +3CI7.  (2)
B (2) AT, R, FERR K,
NiZ+ i Fe e AR . (AR S5 B2 A eI IR AR Kt
b, B 7K A28 RN, KA TR 544k
W EREA SN, AE 120 °C 3B KB, RiTgRAARH 45 &
K. FEE (—OH) KAEMER, RS i+ (HY)
FIER AL T I B8, BT ASAHAB Y Ni2+-OH B
JC, TEMIKET 23 KA - PR ARl —1
N3O PAITHI— Ni2t, RO a5 80K, KO
HEXH
2[Ni2*-OH] — Ni*T-O-Ni®* + H,O(#H, 1).  (3)
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=
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B4 (a) REBAEALEA (b) AICL B2 FALBRE Ni 2p 1) XPS EIHE; (c) RBAABAN (d) AICL B ALY O 1s 1) XPS A3
Fig. 4. Ni 2p XPS spectra of (a) without and (b) with AlCl; doped nickel oxide film; O 1s XPS spectra of (c¢) without and (d) with

AlCl; doped nickel oxide film.
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Kl 4(c), (d) 495 AICL, B4 AlC,
B EALEFE ST O 1s BYILA K, K3 i
529.1 eV 1 530.8 eV PIPIES XN A Ni2t(NiO)
1 Ni*T(NiyOs), O 1s B XPS 35 ik 2% R 7T
SHIER T ALCL, B4 SR 3F Nis+ B L il k.

SRR i 135 6 T LA PR IE A BH vl LA
i B EM, P A R B LR . LAY T
AICL; B AR Z B R A2, 18] 5 2 FTO
BEIE LA AT TC ALCL, 15 2% S A0 R I 1) 325 6 %l
R

100
80|
X
~
8
S 60t
a
s
=
2 40 H
g
=
- — FTO
— FTO/NiO,

— FTO/NiO,+AlCl;
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Wavelength/nm

Kl 5 BHE/FTO(RLL). KL B il NiO, W BT (L04k) F
2 AICl; 751 NiO, Wl (#2k) 192 it A0

Fig. 5. Transmission spectra of ¥4 /FTO (black line) and
undoped nickel oxide film (red line) and AlCl; doped nickel

oxide film (blue line).

HE 5 AT LA, M R A2 NiO,, AlC,
B&JE NiO, WiE R K. X FZ M T AlC,
B2 I i 25 1 SR T0 R VI T X 5 T R RS R TR
I%, Al 2 o, R RS BE Y BRI 2398l D RO

ZE L, ALCLy $8 42 ANUAH SEUA A wir Bk {4 %8

B B Sy, BURCRLAR S/, NI A K R S A
PR ECE PRSI, MR SR, P T ALY
BEOEAR; b TR NP R T ], B
THT AR 8 Ry i i SRR A PR R K
L S T 2R A).

3.2 AICL BEXT AT HIE 4 EE AN

R AR IR 5 0 5 A Y 5 ) T LRI
Z—. FATFE T E AL T ALCL B4 55k 7
PSR AR By . o7 ik, T SCrh bR
A ALCL 8 2% YRR i ot R4, S AR
A AICL BRI B2 . FERET 2 4
HL P e (SEM) IRZs R &l 6 fs.

L E 6(a), (b) AT LLE H X REL A E5ER A
rRi N, HLARRE )R] BRAS K, FATERR AL, 4%
H SRR )2 SR K, (R B AL R AT sk
B NI 6(c) B5ERET R R ST AR ml LA e Xk
HRZH R EHERE™ SR /Iy, BSR4 7E 300 nm
LA, B SR okl A R, KETE
500—700 nm, K A5 F] 1100 nm. F5EKHH K
AT A PN R A AR . X BB 4 S AL AR R
R & FECTAHBAZAN T 2 Bk, 51k K
A AR R, RN AR L. i 2sdl
PR H ARSI AT ) R T PR T R I AT 1 A AL
R WD T ke AR O PG, [ S O A
. I H, B R TS 5/
B R R Y B, AR T IR

i B FLR BT ST R A LR, R
D PN

FIAN, B XFEGERAT JE AT T R RS K
fl A, W 7 Br s, NI 7(a), (b) AITLIAE H,

40
(c) Bl Class/FTO/NiO,/PVK
35 Il Class/FTO/NiO, +
30l AlCl;/PVK
. 25F
E
3 20 +
15}
10 +
5
0

0.1 03 05 07 09 1.1
Distribution/pm

Kl 6 (a) GAI (b) A AlCly B4 AL A5 B Y SEM & (c) Ak R Se T4 A5 [
Fig. 6. SEM images of perovskite film (a) without and (b) with AlCl; doped nickel oxide film; (c) histogram of perovskite grain size

distribution from image analysis.
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Fig. 7. AFM images of perovskite film (a) without and (b) with AICl; doped nickel oxide film; water contact angle images of per-

ovskite film (c¢) without and (d) with AICl; doped nickel oxide film.
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Fig. 8. XRD spectra of perovskite film on undoped nickel
oxide film (red line) and perovskite film on AICl; doped
nickel oxide film (blue line) and enlarged view of the crys-

talline phase.
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Fig. 9. Perovskite films on undoped substrate (red line) and
AICl; doped substrate (blue line): (a) PL spectra; (b) TRPL

spectra.
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Fig. 10. Current-voltage curves of hole-only devices based
on undoped nickel oxide film (red line) and AlCl3 doped

(blue line) nickel oxide film.
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Fig. 11. (a) Box plot of V,,, (b) box plot of J, (c) box plot of FF, (d) box plot of PCE of perovskite solar cells.
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Table 2. J-V photovoltaic paraments of perovskite solar cells.

Devices Voo/V Jso/ (mA-cm?) FF/% PCE/%
) Forward 1.14 25.22 75.80 21.80
Bi# /FTO/NIO,/PVK /pcbm/Ag
Reverse 1.15 25.16 80.81 23.38
Forward 1.18 25.98 78.36 24.02
B35 /FTO/NiO,+AICl;/PVK /pcbm/Ag
Reverse 1.18 25.99 80.74 24.76
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Fig. 12. J-V curves for undoped substrate and AICl; doped

substrate of perovskite solar cells.
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Fig. 13. (a) UPS spectra of nickel oxide film without dop-

ing (black line) and with AlCl; doping (red line); (b) UPS

spectra of perovskite film.
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Fig. 15. Perovskite solar cell: (a) Mott-Schottky curves; (b) dark current curves; (c) curves of V,, varying with light intensity.
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Fig. 16. Perovskite cells on undoped substrate and AlCl; doped substrate: (a) EQE curves; (b) dark-state stability test curves.
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AICl;- doped and fully solution-processed
inverted perovskite solar cells
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Abstract

The all-solution-processed fabrication of inverted perovskite solar cells is one of the key development trends
in perovskite photovoltaics. However, the poor compactness and low electrical conductivity of solution-processed
nickel oxide layers have become bottlenecks restricting the large-area fabrication and efficiency improvement of
such devices. To address these issues, this paper proposes a method for preparing nickel oxide and inverted
perovskite solar cells based on AlCl; doping. By incorporating aluminum chloride into the nickel oxide precursor

solution, not only can the compactness of the nickel oxide layer be improved, but its electrical conductivity can

also be increased. Moreover, this doping strategy 30
promotes the growth of high-quality perovskite films T Small area device (0.09 cm?)
and reduces non-radiative recombination at the nickel 2
oxide/perovskite interface. The fabricated inverted é o1 Vo118V
perovskite solar cell prepared via the full-solution § 15+ Jse =24.99 mA /cm?

g FF = 80.74%
method with AICl; doping achieved a power conversion o 10t PCE = 24.76%
efficiency of 24.76%. This work provides a new strategy § 5

Z L
for the preparation of large-area, high-efficiency o

O 1 1 1 1 1
inverted perovskite solar cells through full-solution 0 02 04 06 08 10 12
. Valtage/V

processing.
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